Aims: Drug susceptibility testing (DST) of clinical isolates of Mycobacterium tuberculosis is critical in treating tuberculosis. We demonstrate the possibility of using a microbial sensor to perform DST of M. tuberculosis and shorten the time required for DST.
Introduction
Drug-resistant tuberculosis is an ever-growing problem in TB control. Thus, drug susceptibility testing (DST) of clinical Mycobacterium tuberculosis isolates is crucially important for the effective treatment of TB. Various methods have been reported for TB drug resistance analysis. Among these techniques, the conventional phenotypic assay known as the Lowenstein-Jensen (LJ) proportion method has been regarded as the 'gold standard'. At least 28 days are needed to perform the LJ method along with an additional 28 days for the preculture of isolates. Therefore, the LJ method requires too much time to guide the treatment of new patients (Acuna-Villaorduna et al. 2008) . To shorten the testing time, many advanced molecular genotypic assays and phenotypic assays have been developed (Mani et al. 2014 ).
Molecular genotypic methods are based on understanding gene mutations of the known drug targets. The methods are fast, requiring only several hours, and normally do not require isolating M. tuberculosis cultures prior to drug resistance testing (Craw and Balachandran 2012) . A successful example is Gene Xpert MTB/RIF (Boehme et al. 2011) , which is real-time PCR test, identifying M. tuberculosis DNA and resistance to rifampicin (RIF) and isoniazide (INH) with high accuracy in only 2 h. The Word Health Organization (WHO) recently endorsed this method (Helb et al. 2010; Lawn et al. 2013) . Another example is GenoType â MTBDRplus, which detects gene mutations related to RIF and INH resistance through PCR and hybridizations (Hillemann et al. 2007) . DNA chip technology has also been successfully applied in RIF and INH susceptibility tests (Fang et al. 2012) . Despite these technologies' advantages, the molecular genotypic methods are primarily limited to the detection of RIF and INH resistance. Although RIF/INH resistance is apparently the main multidrug resistance problem (Rossau et al. 1997; Jin et al. 2012) , methods need to be explored to detect resistances to other drug. This detection is important but not currently realistic because the relationship between gene mutations and drug resistance is far from clear for other anti-TB drugs. Moreover, it has not been clarified whether, for all identified genetic changes, these mutations are resistance-associated or only polymorphisms (Richter et al. 2009 ). Phenotypic assays for testing drug susceptibility are based on cell growth in media containing antibiotic(s). Due to slow growth rate, weeks or months are required to culture M. tuberculosis on solid media. This time can be reduced by culturing cells in liquid media (Lawn et al. 2013) . DR may be detected by measuring such parameters as cell density (Albert et al. 2007) , cell respiration indicated by CO 2 and O 2 sensitive dyes (Bergmann and Woods 1998; MarIas et al. 2000) , and cell metabolites (Caviedes et al. 2000) . Although phenotypic assays require more time than genotypic assays, they can be used confidently to determine resistances to all kinds of antimicrobials. Therefore, phenotypic assays are not replaced by genotypic assays in clinical practice. The BACTEC TM MGIT TM 960 system is a phenotypic assay based on the liquid culture of M. tuberculosis. This method measures the residual dissolved oxygen in the broth culture using an oxygen-sensitive fluorescent agent (Boehme et al. 2011) . Since the BACTEC MGIT 960 system needs only 14 days to complete and its results highly agree with the LJ proportion method (Wilson et al. 1997) , it was endorsed by the WHO in 2007 and is now widely used. Other attempts to develop new phenotypic assays include phage amplification assays (Albert et al. 2007) , microscopic observation drug susceptibility (MODS) (Baylan et al. 2004 ) and microscopic time-lapse imaging (Choi et al. 2016) .
The residual oxygen level in broth during liquid culture directly indicates the viability of M. tuberculosis cells after drug treatment. In this study, we investigate the potential application of an oxygen electrode in M. tuberculosis DST using a microbial sensor method. In this sensor, microbial cells are constrained on the surface of an oxygen electrode. This sensor can immediately respond to minute changes in oxygen caused by external stimuli applied to the immobilized microbial cells. This method is simple and fast and has already demonstrated its advantages in many other applications, such as the measurement of biochemical oxygen demand (Karube et al. 1977; Zhang et al. 1986; G orsk et al. 2012) , toxic substances and environmental pollutants (Bachmann et al. 1998; Zeljka et al. 2002) , glucose and its disaccharides (Svitel et al. 1998) , and antimicrobial activity of cosmetic preservatives (Gomyo et al. 2015) .
Materials and methods

Mycobacterium tuberculosis cell culture and preparation of microbial sensors
Mycobacterium tuberculosis H37Ra and M. tuberculosis strains resistant to RIF, para-aminosalicylic acid (PAS) or streptomycin (STR) were from our laboratory stocks. Mycobacterium tuberculosis clinical isolates were obtained from Beijing Chest Hospital. Unless otherwise specified, all M. tuberculosis strains were cultured in 7H9 liquid medium or on 7H10 agar plates at 37°C with 5% CO 2 according to the standard protocol (WHO 1997) . When the OD 600 of the cultures reached 0Á4 (a cell density of approximately 10 7 CFU per ml, as determined by our calibration curve of CFU vs OD 600 ), 10% (v/v) of the culture broth was inoculated into fresh 7H9 media each containing a specific anti-TB drug. These two steps are termed primary culture and secondary culture, respectively. The secondary culture refers to the drug pretreatment in which each medium contained a type of anti-TB drug at the following concentrations: RIF (2 lg ml À1 ),
), levofloxacin (LVX) (2 lg ml À1 ) and PAS (2 lg ml
À1
) (Caviedes et al. 2000) . After culturing for 4 days, 1 ml of the culture broth was adsorbed on a nitrocellulose membrane (D = 13 mm, pore size = 0Á22 mm; Bandao, Shanghai, China) by using a syringedriven filter unit (Weining, Nantong, China). The membrane loaded with the M. tuberculosis cells was fixed on the tip of the oxygen electrode using a nylon O-ring and parafilm. The M. tuberculosis cells were then closely attached to the polytetrafluoroethylene membrane of the 287 oxygen electrode. The resulting microbial sensor was washed with sterile Milli-Q water three times, balanced in the reactor containing sterile Milli-Q water at 37°C and then subjected to DST.
Microbial sensor working system setup
The working system consisted of a microbial sensor, a reactor containing 18 ml Milli-Q water with gentle stirring, an amplifier and a data acquisition module (Leici, Shanghai, China) (Fig. 1) .
DST of M. tuberculosis using the microbial sensor
The microbial sensors made of the M. tuberculosis cells taken from the secondary cultures were balanced in the Milli-Q water. When the output signal of the microbial sensor reached steady-state (baseline), glycerine was added to the reactor with a final concentration of 4% (v/v). The glycerine serves as the carbon source of the M. tuberculosis cells and causes exogenous respiration of the viable cells in the sensor membrane. The relative current change is defined as the sensor response and is described as (I 0 ÀI)/I 0 , where I 0 is the steady-state output signal before adding glycerine, and I is the output signal after the addition of glycerine. In principle, the drug-sensitive M. tuberculosis cells would stop growing during the secondary culture that contains the anti-TB drugs and therefore produce less cell biomass in a given volume for microbial sensor preparation, or vice versa. Hence, the response between the microbial sensors that contain the drug-resistant M. tuberculosis cells and those that contain the drug-sensitive M. tuberculosis cells can be distinguished. All M. tuberculosis cultures used to construct the microbial sensors were inoculated on 7H10 agar again to check their viability in order to confirm that the sensor response is associated with their viability during DST. Experiments were performed in biological safety levels 2 and 3 laboratories according to WHO regulation.
Results
Response of the microbial sensors
After adding glycerine into the reactor, output of the microbial sensor decreased. After approximately 2 min, the output current reached a steady state (Fig. 2) . The response strength is not only determined by the viable biomass in the microbial sensor membrane but also by the amount of glycerine added in the reactor, and 4% (v/v) of glycerine was found suitable and used throughout the experiment.
Effect of drug treatment time on DST
H37Ra is a widely used attenuated M. tuberculosis strain and its wild-type stock in our laboratory is sensitive to all drugs tested. The effect of drug treatment time on DST was investigated using H37Ra culture. After treating with RIF, INH, LVX STR, EMB or PAS in 7H9 liquid medium for 1-5 days, each culture broth was transferred onto 7H10 plates containing no drug and cultured for 28 days, and cell survival was subsequently determined (Fig. S1 ). The survival of cells on 7H10 plates was dependent on the duration of drug pretreatment. Drug treatment for 4 
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or 5 days had a clear bactericidal effect compared with the culture without drug treatment (Table 1) . To increase the fidelity of the results, a 4-day drug pretreatment in 7H9 culture was adopted in the follow-up experiments.
Cutoff value of DST of the microbial sensor method
The cutoff value of DST of the microbial sensor method was primarily investigated using the drug-sensitive H37Ra strain and three drug-resistant M. tuberculosis stocks (RIF-resistant H37Ra (RR-H37Ra), STR-resistant H37Ra (SR-H37Ra) and PAS-resistant H37Ra (PR-H37Ra)). The standard plate-based assays were performed as control experiments. The results revealed that there is a clear difference in the microbial sensor response between drugsensitive and drug-resistant strains (Fig. 3) . The sensors made of nondrug treatment H37Ra or the drug-resistant mutants (RR-H37Ra, SR-H37Ra or PR-H37Ra) had response values higher than 8% with an average of 11Á5 AE 3Á7% (n = 27), whereas the response values of the sensors made of the drug-sensitive strains or heatingkilled M. tuberculosis cells (as a control) were lower than 4Á5% with average of 2Á87 AE 2Á3% (n = 225). The cutoff value was, therefore, set at 7Á39% (2 9 SD), that is, if the response value is lower than this cutoff value, the isolate strain could be thought of as drug-sensitive. However, the microbial sensors made of drug-sensitive cells or even the dead cells (PC) exhibited unexpected current changes after adding the glycerine, indicating the existence of background noise. A control experiment of plate culture supports the microbial sensor method in the cutoff value investigation (Fig. S2) .
DST of clinic M. tuberculosis isolates
DST of 35 clinical isolates was performed with the microbial sensors and LJ proportion methods in parallel ( Table 2 ). The cell survival in all microbial sensors was also checked on 7H10 plates. The overall level of agreement between the microbial sensor results and those of the LJ proportion method was 97Á1%. The accuracies were 97Á1% for INH (kappa statistic, 0Á932), 85Á7% for RIF (kappa statistic, 0Á668), 100% for EMB (kappa statistic, 1), 100% for STR (kappa statistic, 1), 100% for PAS (kappa statistic, 1) and 100% for LVX (kappa statistic, 1). Although the overall results of the two methods were in good agreement, there are still a several exceptions in the group of INH-and RIF-resistant isolates. All results of the LJ proportion method were fully supported by the cell survival test on the 7H10 plates (Fig. S3 ).
Discussion
In this study, we demonstrate the possibility of using a microbial sensor to perform DST of M. tuberculosis. Compared to the oxygen dyes used in other studies described in the introduction of this paper, the oxygen electrode is sensitive enough to respond to tiny changes in the respiration strength of immobilized M. tuberculosis cells in less than 3 min. Drug pretreatments killed or inhibited the growth of the drug-sensitive cells. The respiration strength of the remaining cells indicates the 
*Each data are the average of three duplicated measurements.
residual viability of the test cells. Contrarily, the drugresistant or drug-tolerant cells grew to a higher biomass than the drug-sensitive cells, which resulted in a stronger response when they were immobilized on the sensors. The higher the viable cell mass was, the stronger the response of the microbial sensors was. We summarize the time required to perform DST by the primary phenotypic methods currently used in Table 3 . These methods are designed to test the drug susceptibility of pure M. tuberculosis cultures and are not intended to detect M. tuberculosis in body fluids such as sputum. The clinic isolates are usually obtained from plate culture, which requires 28-56 days because of the slow growth rate of M. tuberculosis. Single colonies of pure M. tuberculosis are selected and then subject to DST, which requires an additional 28-56 days by the conventional LJ proportional method, 14 days by the MGIT 960 system and only 11 days for the microbial sensors. Bacterial load is a therapeutic indicator in clinic. The doubling time of MTB is 18-24 h (Cox 2004) ; 3 days shorter can effectively control the number of bacteria in vivo (8-10 times lower). The decrease in the number of MTB effectively assists the immune response of T cells (Cl audio et al. 2014) , thereby better controlling the disease. This comparison highlights the main advantage of the microbial sensors. To further shorten the DST time, we consider directly monitoring the effect of drugs on the tested cells on the microbial sensors, rather than treating the tested M. tuberculosis cells in advance, as adopted in this study.
The cutoff value of the microbial sensor method is a measure of the drug susceptibility. In this study, six drugs were used to test the antimicrobial susceptibility of M. tuberculosis strains. The data show that the responses of the microbial sensors made of the drug-resistant Figure 3 Responses of the microbial sensors that were made of Mycobacterium tuberculosis H37Ra (drug sensitive) and drug-resistant mutants RR-H37Ra (RIF resistant), SR-H37Ra (STR resistant), and PR-H37Ra (PAS resistant), respectively. The cell density of the PC sensors and the nondrug treatment sensors were the same. Each datum is the average of three repeated experiments and three duplicated measurements. PC is the control experiment, in which the microbial sensor was constructed with the heat-killed dead cells. The response of the microbial sensor is described as (I 0 -I)/I 0 ( H37Ra; RR-H37Ra; SR-H37Ra; PR-H37Ra). [Colour figure can be viewed at wileyonlinelibrary.com] (Table S1 ). The cutoff value was set at 7Á39% (2 9 SD) for all drugs. Overlap exists between drug sensitivity and resistance in the case of RIF. In clinical practice, if test data are around the cutoff value, a repeated test is usually recommended, which is common in qualitative testing. The cutoff value might also be determined for individual drugs, in which each drug could have its own cutoff value in DST. However, to achieve more accurate cutoff values, either for all drugs or for individual drugs, a larger number of clinical samples should be examined, which will be investigated in future studies. The sensors made of drug-sensitive and dead cells also exhibited some unexpected output current changes when glycerine was loaded. These changes are defined as noise of the microbial sensors. There are two possible reasons for this noise. The major contributor is the viscosity effect of glycerine. Use of glycerine (4% v/v) as the carbon source of M. tuberculosis cells increases the viscosity of the reaction solution, reducing the oxygen transfer rate on the microbial sensor surface and thus resulting in a slight drop of the output current of the oxygen electrode. To reduce the background noise, a more suitable nutrient should be tried to replace glycerine. Another minor contributor to the noise of the microbial sensor may be the complexity of the drug mechanisms. For instance, certain drugs kill M. tuberculosis directly (e.g., RIF, INH, LVX and STR), while others inhibit the growth of M. tuberculosis (e.g., EMB, PAS), and their lethal doses and inhibitory doses could be different. Furthermore, the degree of drug resistance of the clinic M. tuberculosis isolates may be inconsistent, as they can be strongly drug-resistant or weakly resistant. As a result, cultures of some drug-sensitive strains could have a small quantity of viable cells remaining, which would contribute to the unexpected slight output signal change of the microbial sensors.
In conclusion, this study demonstrates the possible application of a dissolved oxygen electrode-based microbial sensor in M. tuberculosis drug resistance testing. The sensors can monitor the survival of M. tuberculosis cells pretreated with antibacterial drugs, which indicates the drug susceptibility of these cells. The response time is less than 3 min, and the whole procedure takes a 4-day drug treatment plus 7 days of preculture. The overall detection result of the microbial sensor agreed well with that of the conventional LJ proportion method and takes less time than the existing phenotypic methods. In future studies, we will examine a larger number of clinical isolates featuring various drug sensitivities to investigate the cutoff value more accurately, either for all drugs or individual drugs, and build an O 2 electrode array microbial sensor reactor (Yang et al. 1999) to enable a high-throughput drug resistance analysis. 
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